Introduction
The tumor suppressor protein p53 ensures the integrity of the cell's genome by protecting it from adverse eects of DNA damage (Albrechtsen et al., 1999; Prives and Hall, 1999) . This protein is an important participant in the cellular responses to genotoxic stress including ionizing radiation (Kastan et al., 1991) , UV radiation (Nelson and Kastan, 1994) , hypoxia (Graeber et al., 1994) or nucleotide deprivation (Linke et al., 1996) . p53 levels are low in most cells due to a short half-life (20 min) of the protein (Soussi, 1995) . In contrast, p53 is stabilized and its level increased in response to DNA damaging stress. The anti-proliferative eect of high levels of p53 induced in response to DNA damage correlates with growth arrest at the G1 phase of the cell cycle, allowing DNA repair prior to cell division or elimination of cells with extensive DNA damage by apoptosis (Cox et al., 1995) . These observations have led to the proposal that p53 is a`guardian of the genome', monitoring the integrity of the genome (Lane, 1992) .
p53 was found in the nucleus, the cytoplasm or both compartments of the cell. The sub-cellular localization of p53 and the interaction with other cellular or viral proteins plays a central role in the regulation of its various biological activities (Moll et al., 1996; Komarova et al., 1997) . The mechanism underlying its central role in growth suppression is based on p53's function as a potent transcriptional regulator of crucial growth inhibitory genes (Prives and Hall, 1999; May and May, 1999) . In addition, p53 exerts a full range of various biochemical activities, that are directly related to its function in preserving the integrity of the cell's genetic information. After DNA damage: (1) p53 is able to recognize and bind sites of DNA damage, such as single-stranded (ss) DNA and double-stranded (ds) DNA ends (Kern et al., 1991; Steinmeyer and Deppert, 1988) , (2) p53 catalyzes DNA and RNA strand transfer and promotes the annealing of complementary DNA and RNA single-strands (Bakalkin et al., 1994; Oberosler et al., 1993) , (3) p53 binds insertion/deletion mismatches and bulges (Lee et al., 1995) and (4) it can bind DNA in a non-sequence-speci®c manner (El-Deiry et al., 1992; Foord et al., 1993) . Evidence suggesting a role in DNA repair is supported by observations that (1) p53 increases transcription-coupled nucleotide excision repair (Hwang et al., 1999) ; (2) p53, like classical mismatch repair factors, checks the ®delity of homologous recombination processes by speci®c mismatch recognition (Dudenhoer et al., 1998) ; (3) p53 can markedly stimulate base excision repair (Zhou et al., 2001) ; (4) p53 exhibits 3'?5' exonuclease activity (Mummenbrauer et al., 1996) and may increase ®delity of DNA replication mediated by cellular DNA polymerase a (Huang, 1998) . Our previous studies revealed that wild-type (wt) p53 ful®ls the established criteria for a proofreading exonuclease. It might act as an external proofreader for errors produced by exonuclease-de®cient retroviral murine leukemia virus (MLV) reverse transcriptase (RT) (Bakhanashvili, 2001) . Namely, recombinant wt p53-associated 3'?5' exonuclease is able to preferentially remove mispaired nucleotides from DNA, thus enhancing the accuracy of MLV RT.
Interestingly, increased p53 levels have been noted following infection of cells with various viruses: SV-40 (Oren et al., 1981) , adenovirus (Grand et al., 1994) , Epstein-Barr virus (EBV) (Szekely et al., 1995) and retrovirus-human immunode®ciency virus (HIV), the etiological agent of acquired immunode®ciency syndrome (AIDS) (Genini et al., 2001) . HIV infection is characterized by the high genetic variability found in virus populations (Katz and Skalka, 1990 ). This phenomenon is attributed to the inaccuracy of the replication machinery that is unique to the retroviral life cycle. RT has a key role in the early stages of HIV infection; it catalyzes the conversion of the viral genomic ssRNA into the proviral DNA in the cytoplasm (Con, 1986) . HIV-1 RT exhibits dual template speci®city and is highly error-prone displaying low accuracy of DNA synthesis during copying both RNA and DNA templates into their complementary DNA (Perrino et al., 1989; Bakhanashvili and Hizi, 1992a,b) . Excision of incorrectly polymerized nucleotides during DNA synthesis by proofreading exonucleases is an important mechanism to decrease errors during DNA synthesis (Kunkel, 1988) . Several studies demonstrate the functional interaction between DNA polymerases and external proofreaders carried out by the 3'?5' exonucleolytic activity of other DNA polymerases or/and by a separate protein serving as a proofreading exonuclease (Brutlag and Kornberg, 1972; Maki and Kornberg, 1987; Perrino and Loeb, 1990) . HIV-1 RT lacks 3'?5' exonuclease activity and is unable to edit errors during proviral DNA synthesis.
The fact that HIV proviral DNA is synthesized in the cytoplasm and the availability of the exonuclease (associated with p53) at the site of viral reverse transcription (in cytoplasm), raise an interesting possibility that p53 and HIV-1 RT may be functionally linked. To this end, p53 was examined for its ability to remove 3'-terminal nucleotides from previously untested RNA/DNA substrate and for its functional interaction with exonuclease-de®cient HIV-1 RT. The contribution of p53 to the ®delity has been reconstituted with puri®ed recombinant p53, HIV-1 RT and 3' mismatch-containing template-primers. The results demonstrate the increase in the ®delity of DNA synthesis by HIV-1 RT in the presence of p53, thus indicating the functional cooperation between p53 and HIV-1 RT. The fact that p53 is reactive with both DNA/DNA and RNA/DNA suggests that it may functionally interact with substrates participating in the reverse transcription process.
Results

p53-associated 3'?5' exonuclease activity with RNA/DNA template-primer
The previous studies on the exonuclease activity associated with p53 were focused on the DNA/DNA template-primer (Huang, 1998; Skalski et al., 2000; Bakhanashvili, 2001) . The current study is devoted to the assessment of the excision capacity of p53 with RNA/DNA template-primer. The p53-associated 3'?5' exonuclease was tested on RNA/DNA substrate using native ribosomal RNA (rRNA) as a template. A mixture of 16S and 23S rRNA was primed with 16mer oligonucleotide that hybridizes to nucleotides at positions 2112-2127 of the 16S rRNA thus producing RNA/DNA substrate. In parallel, the exonucleolytic removal of 3'-terminal nucleotide was examined on DNA/DNA substrate. The 3'?5' exonuclease activity was detected by a decrease in the length of oligonucleotide primers to 15 nucleotides and smaller, as determined by increased mobility during electrophoresis. The results obtained indicate that p53 is able to release dNMPs from the 3' terminus of RNA/DNA template-primer as well as from DNA/DNA templateprimer ( Figure 1, lanes 2 and 3) . It should be noted that the exonuclease activity is not associated with DNA polymerase, as oligonucleotide bands greater than 16 nucleotides in length are not detected even though dNTPs are included in reaction (Figure 1 , lane 4). The fact that p53 degrades DNA primer from both RNA/DNA and DNA/DNA substrates, demonstrates no dierence in nucleic acid nature (RNA vs DNA) of the template.
To further evaluate the 3'-terminal base excision capacity by p53-associated 3'?5' exonuclease with RNA/DNA template-primer, a series of templates with 16mer primers were prepared that formed the 3'- (Figure 2b ). The trend in the order of a 3' terminal mispair excision opposite a template A residue with RNA/DNA template-primer by p53 is A : G4A : A4A : C at this site. Thus, the data suggest that p53 exonucleolytic proofreading prefers transversion mutations over transition mutations. Notably, the same type of preformed mismatches were chosen in the same sequence context that was previously employed with DNA/DNA substrate (Bakhanashvili, 2001) . It should be emphasized that the observations obtained previously with DNA/DNA template-primers, that excision following purine ± purine (A : A or A : G) mispair is more ecient than following the purine ± pryimidine (A : C) mispair, is maintained with RNA/ DNA template-primer.
The functional interaction between p53 and HIV-1 RT
The ecient misinsertion and extension of mismatched 3'-termini of the nascent DNA are major determinants for the low ®delity of HIV-1 RT (Perrino et al., 1989; Bakhanashvili and Hizi, 1992a,b) . The 3'?5' exonuclease-de®ciency of HIV-1 RT permits an analysis of the in¯uence of p53 on the accuracy of DNA synthesis by this enzyme. To discern the relative contribution of p53-associated 3'?5' exonuclease activity to each of these mechanisms, a system that allows simultaneous detection of both degradation (exonucleolysis) and extension (polymerization), was utilized. Model in vitro systems that mimic the steps of proviral DNA replication, namely both RNA and DNA-directed DNA synthesis, permits an assessment of the ability of p53 to function as proofreader in these processes. Several approaches were undertaken to evaluate the eect of p53 on the accuracy of DNA replication.
To elucidate the in¯uence of p53 on the insertional accuracy of HIV-1 RT, the misinsertion by the enzyme was investigated with both RNA/DNA and DNA/ DNA template-primers in the presence of wt p53. The insertional ®delity of HIV-1 RT was examined using running-start template-primer at a ®xed concentration of 0.5 mM dATP, allowing the extension of the 16mer primer. The results of the primer extension assays show that HIV-1 RT displays misinsertion activity with both substrates, incorporating wrong dATP opposite the template G at site 2009 Figure 4 , lanes 2 ± 5). When higher concentrations of wt p53 were added, the decrease in the amount of 17mer and 18mer products was observed and products lower than 16mer were gradually formed. Thus, the experiments described in Figures 3 and 4 show that the p53 protein aected the polymerase selectivity for base substitution errors during both RNA-dependent and DNA-dependent DNA polymerizations; it substantially reduced the number of mismatched nucleotides incorporated into DNA. The template-primer sequence requiring incorporation of two A's prior to reaching the target G was chosen to maximize proofreading, i.e. proofreading is most eective in removing misinserted nucleotides adjacent to relatively unstable DNA regions. This latter point serves to emphasize the ability of p53 to carry out eective error correction.
It was suggested that an important component of retroviral genetic variability may be attributable to the ecient mismatch extension during the copying of both RNA and DNA templates. The in¯uence of the p53 on the mispair extension capacity of HIV-1 RT was evaluated by analysing the extension of 3' mismatchcontaining RNA/DNA and DNA/DNA templateprimers during DNA polymerization in the presence of the next complementary dATP (as the only dNTP present-complementary nucleotide to the template base immediately downstream from the mispair). It was recently shown that HIV-1 RT binds 3'-terminal mismatched template-primer to about the same extent (Bakhanashvili and Hizi, 1996) . Therefore, the ability of the enzyme to extend such template-primers was assessed with no incubation prior to the addition of Figure 1 The excision of 3'-terminal nucleotide by the wt p53-associated 3'?5' exonuclease. The correctly paired RNA/DNA and DNA/DNA template-primers were incubated with puri®ed wt p53 protein (50 ng) for 10 min and reaction products were analysed by polyacrylamide gel electrophoresis as described under Materials and methods. Lane 1, RNA/DNA template-primer incubated with no p53. Lane 2, RNA/DNA template-primer incubated with p53. Lane 3, DNA/DNA template-primer incubated with p53. Lane 4, RNA/DNA template-primer incubated with p53 and dNTP (1 mM). The position of the 16mer primer is indicated by an arrow Oncogene p53 enhances the fidelity of HIV-1 RT M Bakhanashvili dATP. Under the assay conditions, the polymerase exhibited a characteristic mispair extension pro®le with RNA/DNA ( Figure 5 ) and DNA/DNA templateprimers, both standing starts ( Figure 6 ). Indeed, the extension from the preformed mispairs (A : A, A : C and A : G) with HIV-1 RT alone is shown by elongation of the 16mer primers to 17mer or greater with both substrates. As presented in Figures 5 and 6 , the addition of high concentration of p53 had a dramatic eect on mispair extension catalyzed by HIV-1 RT. There was a signi®cant decrease in the yield of the 17mer and increase in smaller (15mer and 14mer) excision products. Hence, the results indicate that in the presence of p53, HIV-1 RT exhibits a reduced ability of extension 3' mispaired termini with RNA/ DNA and DNA/DNA template-primers employed.
The 3'?5' exonuclease activity is expected to confer proofreading capability, thus increasing the ®delity of DNA synthesis by many DNA polymerases (Kunkel, 1988) . In order to explore the contribution of p53- associated 3'?5' exonuclease activity to the accuracy of DNA synthesis, the interaction between p53 and HIV-1 RT was examined by analysing the products of a DNA polymerization reaction. Mismatch-containing DNA is an excellent model substrate for studying the contribution of p53 to the ®delity of DNA synthesis. A biochemical proofreading assay utilized, exploits the relatively delayed chain elongation from a 3' terminal mispair by DNA polymerase, providing an opportunity for a separate 3'?5' exonuclease to remove the terminal mispair before the next correct base insertion event. HIV-1 RT is able to extend 3'-terminal mismatch-containing template-primer in the presence of high concentration of next correct nucleotide. Consequently, the functional interaction between p53 and HIV-1 RT was assessed in the presence of low dNTP concentration, to avoid the mispair extension by the enzyme at high dNTP concentration without the contribution of external exonuclease. Obviously, no elongation products are detected by HIV-1 RT with mismatch-containing template-primers (A : A, A : C or A : G) in reactions containing all four dNTPs at equimolar concentrations (1 mM) ( Figure 7 , lanes 1 ± 3). However, in the presence of wt p53, HIV-1 RT was able to extend the primer giving rise to the full-length copy of the template (Figure 7 , lanes 4 ± 6). Since the p53-associated exonuclease activity itself is not aected by the presence of dNTP, elongation presumably occurs by initial hydrolysis of the terminally mispaired nucleotide by the p53 and subsequent extension from the new, correctly paired 3'-terminus by HIV-1 RT. To further con®rm that the mismatch was removed by p53-associated 3'?5' exonuclease before extension of the primer, the same reaction was performed with three dNTPs, under omission of the dTTP (that correctly replaces the mismatched nucleotide). Under these conditions (do not allow correction of the mismatch for which dTTP is needed), no detectable extension of the 3' terminal mismatches occurred (Figure 7 , lanes 7 ± 9). Instead, substantial hydrolysis of the 3'-terminal mispair was detected, thus indicating that the products observed in lanes 4 ± 6, are formed after correction of the mismatch. The results demonstrate that hydrolysis of the mispair is required to provide a 3'-terminus that is eciently extended by HIV-1 RT and that polymerization will not occur until excision of the mispaired nucleotide has taken place. These proofreading results imply a functional association of polymerization (by HIV-1 RT) and excision (by p53) activities, which act in a coordinated manner during DNA synthesis at the template-primer site to achieve high ®delity.
Discussion
The present study was undertaken to characterize the p53-associated exonuclease with an emphasis on its substrate speci®city and for its interaction with HIV-1 RT. Recent studies revealed that p53 removes 3'-terminal nucleotides from various nucleic acid substrates: ssDNA, blunt and cohesive double-strand DNA breaks, dsDNA containing single nucleotide mismatch (Huang, 1998; Skalski et al., 2000; Bakhanashvili, 2001 ). The current study identi®ed novel property of p53 which distinguishes it from the large majority of the known nucleases. Apparently, the spectrum of nucleic acid substrates utilized by the p53 includes RNA/DNA substrate; p53-associated 3'?5' exonuclease excises nucleotides from RNA/ DNA template-primers (Figure 1 ). Consequently, p53 protein could potentially have an additional editing activity during RNA-dependent DNA polymerization, as suggested by its preference for terminal mispairs over the correctly paired residue (Figure 2) . The experiments reported herein demonstrate that p53 excises eciently 3'-terminal mispairs from all three RNA/DNA template-primers tested. However, it is evident from Figure 2 that p53 excises dierent mispairs with dierent eciencies. Interestingly, p53 displays the same pattern of mispair excision speci®city observed previously with DNA/DNA template-primer (Bakhanashvili, 2001) ; namely, the general trend of mispair excision is A : G4A : A4A : C. Thus, with both RNA/DNA and DNA/DNA template-primers (i.e. regardless the nature of template RNA vs DNA), purine ± purine transversion mispairs are excised more eciently by p53 than a purine ± pyrimidine transition mispair. Generally, the extent of proofreading depends on the nature of the DNA terminus and the local template sequence context (Sinha, 1987) . The mispair 3 5' -32 Figure 7 Interaction between HIV-1 RT and wt p53. The reaction mixture contained 3'-terminal mismatch containing template-primers and HIV-1 RT. Lanes 1 ± 3, incubation with HIV-1 RT in the presence of 1 mM (each) of the four dNTPs. Lanes 4 ± 6, incubation with HIV-1 RT in the presence of all four dNTPs and 100 ng of wt p53. Lanes 7 ± 9, incubation with HIV-1 RT in the presence of 1 mM of dATP, dCTP and dGTP and 100 ng of p53. Lanes 1, 4, 7, template-primer with 3'-terminal A : A mispair. Lanes 2, 5 and 8, template-primer with 3'-terminal A : C mispair. Lanes 3, 6, 9, template-primer with 3'-terminal A : G mispair. The position of the 16mer primer is indicated by an arrow p53 enhances the fidelity of HIV-1 RT M Bakhanashvili excision pattern obtained with identical RNA and DNA sequences indicates that the p53-associated 3'?5' exonuclease activity for dierent mismatches is dependent upon the nature of the mispair. A comprehensive study of various template substrates (with dierent purine/pyrimidine content of sequences) are needed to further elucidate the in¯uence of base composition of sequences on the substrate speci®city of the p53-associated 3'?5' exonuclease. The data show that p53 is highly ecient in removing a terminal mismatch in the direct exonuclease assay, thus indicating that p53 is very active when ®rst binding to a 3'-terminus. However, the proofreading capacity of p53 was observed during ongoing DNA synthesis in vitro with DNA/DNA template-primer, e.g. with cellular DNA polymerase a (Huang, 1998) and viral MLV RT (Bakhanashvili, 2001) . The results of the current study demonstrate that the 3'?5' exonuclease activity of p53 may provide a proofreading function for HIV-1 RT as well; namely, wt p53 may aect the ®delity of DNA synthesis carried out by HIV-1 RT during both RNA?DNA and DNA? DNA replication steps. HIV-1 RT extends mismatched primer termini less eciently than matched termini. This property could provide an opportunity for external exonucleases to proofread HIV-1 RT-induced replication errors. While HIV-1 RT alone exhibits low accuracy of DNA replication, synthesis by the enzyme in the presence of p53 is less error-prone. Support for this assertion is derived from the observations that (1) p53 enhances the ®delity of HIV-1 RT for the base substitution ®delity; namely, both the formation (Figures 3 and 4) and utilization of mispaired template-primers by exonuclease-pro®cient HIV-1 RT (Figures 5 and 6 ) decrease in the presence of p53; and (2) p53 and HIV-1 RT could act coordinately in order to establish an accurate replication reaction; p53-associated 3'?5' exonuclease proofreads during DNA synthesis by excising non-complementary nucleotides prior to primer extension, that is eciently utilized by HIV-1 RT (Figure 7 ). Collectively these ®ndings suggest, that p53 may have a direct role in the reverse transcription process and may control the accuracy of DNA replication with retroviral HIV-1 RT by acting as an external proofreader.
The DNA polymerase itself apparently plays a major role in determining the frequency of formation of various mispairs. Based upon a consideration of double helix and individual mispair geometries, the frequencies of mispairs are expected to be formed in the following proportions: purine : pyrimidine4purine : purine4pyri-midine : pyrimidine. The mispair extension frequencies of the HIV-1 RT were studied previously for the DNAdependent and RNA-dependent DNA polymerase activities using the same sequences (Perrino, et al., 1989; Bakhanashvili and Hizi, 1992a,b) . This enzyme, similar to other DNA polymerases (Mendelman et al., 1990; Bakhanashvili and Hizi, 1993) , exhibits a variation in the eciency of mispair extension from both DNA/DNA and RNA/DNA template-primers, with a speci®city of A : C4A : A4A : G. There is a possibility that the error speci®city is aected by the proteins involved in DNA polymerization. Hence, in an eort to better understand the contribution of proofreading to the ®delity of DNA replication, two dierent mutational spectrums (mispair extension spectrum by HIV-1 RT and mispair excision spectrum by p53 with both RNA/DNA and DNA/DNA template-primers) were compared. The mispair excision spectrum, obtained in the previous study with DNA/ DNA substrate (Bakhanashvili, 2001 ) and in the current study with RNA/DNA substrate, namely, the preferential excision of purine ± purine mispairs over purine ± pyrimidine, reveals an interesting results with respect to the contribution of proofreading to ®delity. As can be seen, the variances in the extension and excision spectrum generated are dierent for these two reactions. Apparently, the most easily formed and extended purine ± pyrimidine mispair (e.g. A : C) by HIV-1 RT is less eciently excised by p53 protein, and the less eciently formed and extended purine ± purine mispairs (e.g. A : A or A : G) by the enzyme, are eciently excised by p53 protein. Several factors may be responsible for the preferential excision of the transversion mispairs. Discrimination may be determined by hydrogen bonding between substrate and template bases. Indeed, according to the geometric selection principle the most stable misinsertions will involve base pairs that are closest to Watson-Crick geometry (e.g. A : C) (Sloane et al., 1988) . Other base pairs that deviate markedly from Watson-Crick geometry are discriminated against more eciently. The base substitution errors probably re¯ect the properties of the proteins involved in polymerization. It is of interest that, with the most accurate eukaryotic DNA polymerase g, which contains a 3'?5' exonuclease, A : C mispair predominate over A : G and A : A mispairs at the fX174 amber 3 locus (Kunkel, 1985) . In contrast, with DNA polymerase a, that lacks 3'?5' exonuclease activity. A : A mispair predominate over A : C and A : G mispairs (Kunkel and Alexander, 1986) . These results, together with our ®ndings, raise the interesting possibility that interaction of the ®delity-enhancing component (e.g. p53) of the DNA polymerase might aect the base substitution speci®city and that this in¯uence may be speci®c for each proofreading exonuclease. In all, the magnitude and location of mutations depend on a complex interplay between the parameters of the catalytic`triad' involved in DNA polymerization: DNA polymerases, proofreading exonucleases and the nature of the mispair.
During the ongoing DNA synthesis, the ability of the polymerase to extend a speci®c mispaired primer is a major factor that contributes to the overall eciency of proofreading. Two mechanisms are possible for the functional interaction of DNA polymerases and editing exonucleases. The proofreading potential may depend in part on whether the enzyme corrects the error during a processive polymerization ± excision cycle (without dissociating from the DNA)-intramolecular pathway, or corrects it after dissociating-intermolecular pathway. In both cases the eciency of editing misinserted nucleotides by a 3'?5' exonuclease would be directly dependent on the DNA polymerase capacity to extend from a misincorporated nucleotide. Polymerase dissociation at a mispair may be an important consideration for proofreading in those systems for which no polymerase-associated exonuclease has been detected, thus allowing error correction by a separate 3'?5' exonuclease. It is notable, that the polymerase reaction is generally faster than the exonuclease reaction. Thus, the slower rate of extension of the mispaired primer most likely re¯ects the time required for the exonuclease to excise the non-complementary nucleotide. It was suggested that DNA polymerase could gain enormous bene®t from proofreading even from a relatively weak exonuclease, if the polymerase has diculty extending from a particular mispair (Kunkel, 1988) . Furthermore, proofreading exonuclease need not exhibit a stronger preference for excision of a mismatched rather than matched base in a direct exonuclease assay. All that is required is discrimination against extension from a mispair within the polymerase active site. Our results do not provide evidence for the physical association between the exonuclease de®cient HIV-1 RT and p53. The current studies demonstrate the possible contribution of the intermolecular pathway of the p53-associated 3'?5' exonuclease proofreading. The experiments shown in Figure 7 , in which HIV-1 RT was tested for the extension of a preformed 3'-terminally mispaired substrates in the presence of p53 (conditions that mimic a situation of intermolecular editing), points to a mechanism of mismatch removing prior to subsequent elongation. The most logical interpretation of the interaction between p53 and HIV RT is that nucleotide misinsertion results in RT dissociating from the template-primer, leaving the 3'-terminal mispair accessible to the p53. Upon excision of the mispair the exonuclease dissociates allowing the RT to reassociate with the 3'-terminus and resume DNA synthesis.
Following misinsertion of a nucleotide, a DNA polymerase may either dissociate from the templateprimer or it can extend the mispair, resulting in the ®xation of either transition or transversion mutations. The errors produced during DNA synthesis could result from three ®delity determining processes: nucleotide misinsertion into the nascent DNA, exonucleolytic proofreading and extension of mismatched 3'-termini of DNA (Echols and Goodman, 1991) . The low ®delity of HIV-1 RT presumably re¯ects a combination of the absence of intrinsic proofreading, high frequency of error formation and ecient mispair extension. Some template-primers with terminal mispairs remain unextended by the polymerase. Interestingly, unextended free template-primers (already dissociated from the enzyme following the misinsertion) may be further recognized by other HIV-1 RT molecules and undergo a rebinding process with a subsequent 3'-mismatch extension (Bakhanashvili and Hizi, 1996) . The fact that p53 excises terminal nucleotides independent of DNA polymerase raises the possibility that the dissociated unextended 3'-mismatch containing template-primer may be recognized and utilized by p53 to remove terminal mispairs thus enabling a new polymerization cycle starting from the annealed state.
The experiments presented here demonstrate the following characteristic features of the p53-associated 3'?5' exonuclease activity: (1) it hydrolyzes 3'-terminal nucleotide from both RNA/DNA and DNA/DNA template-primers; (2) its preferred substrate is 3'-mismatch containing RNA/DNA and DNA/DNA template-primers; (3) it exerts a preferential excision of transversion mutations (e.g. purine ± purine), that are less eciently extended by the DNA polymerase (e.g. HIV-1 RT); (4) it may contribute to the accuracy of DNA synthesis by excision 3'-terminal nucleotides during the ongoing DNA synthesis i.e. coupled with DNA polymerization and following direct binding to template-primer i.e. independently from DNA polymerase. Consequently, p53 carrying these properties may be relevant to the ®delity of HIV-1 RT.
These data raise questions about the biological signi®cance of p53-associated exonuclease activity in vivo. It was suggested, that this biochemical function of p53 may be subject to stimulation by exogenous stimuli (Skalski et al., 2000) . HIV infections seem to increase the intracellular level of p53 (Genini et al., 2001) . Therefore, the observed functional interaction between the recombinant p53 and HIV-1 RT is valuable. The presence of p53 by associated 3'?5' exonuclease activity in cytoplasm may represent a possible pathway that can excise mispaired bases (manuscript in preparation). There is a possibility that upon HIV infection, that replicates in cytoplasm, p53 may serve as an exonuclease and compensate for a lack of proofreading by HIV-1 RT during the process of proviral DNA synthesis.
Materials and methods
Materials
Wild-type p53 was expressed employing a recombinant baculovirus and puri®ed to apparent homogeneity (Ragimov et al., 1993) , quick frozen in small portions and stored at 7708C. The HIV-1 RT is the recombinant enzyme expressed in E.coli from BH-10 proviral clone (Hizi et al., 1988) and puri®ed according to Clark et al., 1990 . The speci®c activity of the enzyme was 4000 ± 5000 units/mg. One unit is de®ned as the amount of enzyme that catalyzes the incorporation of 1 pmol of dTMP into DNA in the poly (rA) n . oligo(dT) 12 ± 18 -directed reaction in 30 min at 378C. T4 polynucleotide kinase was purchased from MBI (Fermentas).
Template-primers
Two template-primer substrates were used for the analysis 3'?5' exonuclease activity of p53 and characterization of interaction of p53 and HIV-1 RT. First, ribosomal RNA (rRNA) (a mixture of 16S and 23S E. coli rRNA) as a native substrate, was primed with 16-mer oligonucleotide primer, that hybridizes to the nucleotides at positions 2112-2127 of the 16S rRNA. Four versions of primers were synthesized separately. They are identical except for the 3'-terminal p53 enhances the fidelity of HIV-1 RT M Bakhanashvili nucleotide (N), which is either A, C, G or T. The sequence of these primers is 5'-ATTTCACATCTGACTN-3'. Second, is an (N) 30 synthetic oligonucleotide DNA template identical to nucleotides 2110-2129 of E. coli 16S rRNA (5'-AGGCGGTTTGTTAAGTCAGATGTGAAATCC-3'). This DNA is primed with an (N) 16 oligonucleotide, (utilized with an rRNA template) that hybridizes to the nucleotides at positions 13 ± 28 of the template DNA. Consequently, by hybridizing the primer oligonucleotides to the rRNA template at position 2112, or DNA template at position 13, the A : A, A : C, A : G mispairs or the A : T correctly paired terminus were produced. The primers were end labeled at the 5'-end with T4 polynucleotide kinase and [g-32 P]ATP. Unincorporated radioactivity was removed by using G-25 microspin columns (Pharmacia Biotech.), according to the instructions of the producer. The end-labeled primers were annealed to the template RNA or DNA as described (Bakhanashvili and Hizi, 1992a,b) .
Exonuclease assays
The 3'?5' exonucleolytic activity was measured as the removal of 3'-terminal nucleotides (correct or incorrect) from the 5'-[g-32 P] end-labeled oligonucleotide, determined by the increase in the mobility during the gel electrophoresis. The incubation mixture (12.5 ml) contained 50 mM Tris HCl (pH 7.5), 5 mM MgCl 2 , 1 mM DTT, 0.1 mg/ml BSA and 5'-end labeled various substrates. The reaction was started by addition of p53 protein.
The variables, including reaction time and amounts of p53 protein, are given in the legends to the ®gures. Assays were carried out at 378C. At appropriate time points the reactions were stopped by addition of an equal volume of formamide gel loading buer, followed by incubation at 908C for 3 min. The reaction products were resolved by electrophoresis through a 16% polyacrylamide sequencing gel (PAGE). Exonuclease activity, measured as the reduction in size of labeled oligonucleotides, was detected by autoradiography. The excision products were quanti®ed by densitometric scanning of gel autoradiographs and the percentage of the total amounts of primer excised were calculated.
Exonuclease/polymerase coupled assays
To evaluate the interaction between p53 and HIV-1 RT, the same template-primers used for the exonuclease activity were utilized as substrates. When present, HIV-1 RT was at 1.5 U/ml. Proofreading reactions were performed with all four dNTPs at 1 mM. For site-speci®c nucleotide misinsertion, a correctly paired template-primer substrate was used to analyse the dATP misincorporation opposite the G residues at position 10 of the DNA template or at position 2009 of the RNA template. For the mispair extension, elongation of the 5' end-labeled template-primers was examined in the presence of dATP as the only dNTP present. The dNTPs used were of the highest purity available (Pharmacia Biotech.) with no detectable traces of contamination by other dNTPs. The reaction products were analysed by electrophoresis through 16% PAGE as described above. Degradation or extension of the 5'-end labeled primers were detected by autoradiography.
